ABSTRACT: High strain actuation can be obtained from crystallographically textured piezoelectric ceramics. Single crystal piezoelectrics demonstrate high strain because crystal orientation can be controlled -the perfect lattice simplifies crystal orientation. Single crystals actuate better than typical ceramics, but are expensive. Highly textured ceramics offer an alternative path to easily aligned crystals. The crystallites in textured ceramics are crystallographically oriented. Textured ceramics are expected to provide improved properties, with lower processing costs. NexTech Materials is developing textured piezoelectrics via Templated Grain Growth. In this process, anisotropic template particles are oriented in a fine matrix. During heat treatment, the templates grow, resulting in a textured polycrystal.
INTRODUCTION I
N response to the improved properties reported for single crystal piezoelectric Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT), Pb(Zn 1/3 Nb 2/3 )O 3 (PZN), and (Na 1/2 Bi 1/2 ) TiO 3 (NBT) (Park and Shrout, 1997; Chiang et al., 1998, Bridenbaugh and Costa, 2001 ), a number of research groups are attempting to lower the costs of producing such crystals. Flux grown techniques are giving way to Bridgeman methods, which offer improved control of crystal size, shape and composition (Sabolsky et al., 2001) . However, the costs of both routes remain high, and the geometries that can be obtained are limited to simple shapes, such as plates and rods. Machining single crystals remains costly and technically challenging.
Recently, highly textured PMN-PT (James et al., 2001; Tani, 1998) and NBT (Trolier McKinstry et al., 2001 ) ceramics have been fabricated by templated grain growth (TGG) and reactive templated grain growth (RTGG). These materials have piezoelectric properties similar to those of single crystals in the textured direction. TGG offers significant opportunities for further reducing the cost of single-crystal-like materials and uses high-volume, low-cost conventional ceramic forming processes to produce simple and complex geometries.
We are currently participating in two projects to commercialize TGG processing by making textured ceramic piezoelectric monoliths and fibers (Tani, 1998; Trolier McKinstry et al. 2001) . TGG-derived monoliths, made by injection molding or laminating tape-cast layers, are expected to have substantially higher displacements than actuators made from conventional polycrystalline ceramics. The improved performance will allow smaller, low-profile devices for sonar applications, or lower voltage devices for sonar and ultrasonic medical imaging.
Single-crystal-like piezoelectric fibers will provide excellent components in ceramic-polymer composites. TGG offers the most economical path to such fibers. When incorporated into a 3-1 polymer composite with interdigitated electrodes, extremely high-strain, damagetolerant, large-area actuators result. These composites are ideally suited to actuation on the active surfaces of manned and unmanned aircraft. Active fiber composites are also well-suited for damping vibration and noise in air-and spacecraft, where their low mass and damage tolerance are very desirable.
An obstacle to the commercialization of TGG-derived materials is the difficulty of producing the component materials. Template particles, the anisotropic seeds that control texture development, are difficult to synthesize in large quantities with controlled aspect ratio and particle size. The piezoelectric matrix powder, the source material for template growth, is difficult to synthesize with good phase purity and high surface area. We are working to advance two experimentally demonstrated systems to pilot scale production, the PMN-PT system, and the lead free NBT system. The TGG Process
The templated grain growth process has been used to texture a range of ceramic materials, give directional properties and novel microstructures. The process, shown schematically in Figure 1 , is simple and amenable to a wide range of systems. Large anisotropic template particles are added to a fine-grained precursor matrix. The template content is kept below 10 vol.%, to minimize the adverse effects of constrained sintering that larger template contents would incur.
The template particles are oriented prior to sintering, typically by shear forming processes during forming. The resulting compact is sintered to densify the matrix, creating a favorable growth environment for the template particles. Additional heat treatment allows the templates to grow by consuming the randomly oriented matrix. The resulting microstructure has strong crystallographic texture.
EXPERIMENTS Matrix Materials
The first questions to address in TGG processing are how to maximize the free energy available in the system, and how to balance this free energy between densification and grain growth. If the matrix phase is chemically complex, two routes can be explored. The first is to begin with fine powder of the desired phase. The high surface area of the powder provides the driving force for both densification and growth. For this approach, PMN-PT was synthesized by calcining mixed oxides of PbO, MgNb 2 O 6 , and TiO 2 , and attrition milling the resulting powder until it has a surface area of approximately 6 m 2 /g. The second approach is to make a fine powder of the precursor materials and take advantage of the additional free energy given up during crystallization of the product phase. This approach is complicated in the PMN-PT system by the difficulty of forming perovskite PMN-PT without crystallizing the undesirable pyrochlore phase. A reactive matrix precursor system has been used in the experiments detailed below.
Template Synthesis
Templates serve as nucleation sites for epitaxial growth of the matrix phase, and must therefore be crystallographically isostructural (though not necessarily chemically identical) with the matrix. The templates must also have a high aspect ratio to increase their orientability during forming. Finally, the templates must be sufficiently larger than the matrix to assure growth, but be small enough to have a high ratio of surface area to volume. Figure 2 shows that high surface area templates require less growth from their surface to completely texture a TGG specimen. This simple geometric calculation shows that with equivalent volumes of templates perfectly dispersed in the matrix (5 vol.%) and templates that grow equivalently in all directions, much less growth is required from the surface of small, high aspect ratio templates.
Many routes to obtain template particles are known, using molten salt synthesis, hydrothermal synthesis, and sol-gel processing, as well as hybrid, multistep methods. Platelets of hexagonal BaTiO 3 , and acicular particles of SrNb 2 O 6 , Sr 2 Nb 2 O 7 , PbNb 2 O 6 , and (Sr,Ba)Nb 2 O 6 have all been evaluated and found to be unsatisfactory for PMN-PT. Hydrothermal processing has been used to make PbTiO 3 in needle and platelet forms, but these templates dissolved before texture developed in PMN-PT. Cubic BaTiO 3 (James et al., 2001) , SrTiO 3 (Tani, 1998) , and PbTiO 3 (Rehrig et al., 2001 ) have been demonstrated as viable template particles for PMN-PT and NBT, but the routes used to produce templates are expensive and yield less. BaTiO 3 , SrTiO 3 and (Ba,Sr)TiO 3 templates have been investigated as commercially-viable template particles.
BaTiO 3 can be grown from molten salt synthesis by adding BaCO 3 and TiO 2 to a molten salt and heating to 
1250
C. The templates shown in Figure 3 have an acceptable particle size and a desirable aspect ratio, but have a hexagonal crystal structure and are undesirable templates for PMN-PT and NBT ceramics, where the high strain is obtained in the h100i direction. Experiments to grow BaTiO 3 templates with h100i basal surfaces have been unsuccessful, resulting in mixtures of hexagonal and cubic forms.
SrTiO 3 and (Ba,Sr)TiO 3 platelet particles with h100i facets can be synthesized by reacting platelet particles of Sr 3 Ti 2 O 7 in molten salt or hydrothermal solutions (Watari Brahmaroutu et al., 1998) . The Sr 3 Ti 2 O 7 particles provide the anisotropic template shape; the highly anisotropic crystal structure of these layered perovskite phases predisposes the material to crystallize in small, high aspect ratio plates, similar to those shown in Figure 4 .
Previously reported processes (Takeguchi et al., 1998) result in Sr 3 Ti 2 O 7 similar to these particles, but in small, batch sizes and with low yields. If processing temperatures are increased, the yield of platy particles increases, as shown in Figure 5 . Longer processing holds also result in an increased yield, but this increase is due largely to the template thickening, evident when two samples of particles processed at high temperature are compared (Figures 6 and 7) . Together, these studies portray a crystal growth process that takes place at the hold temperature, where particles nucleate and grow by a process akin to Ostwald ripening.
To obtain SrTiO 3 platelets, Sr 3 Ti 2 O 7 particles are reacted in a molten salt flux with TiO 2 . During heating, the Sr 3 Ti 2 O 7 reacts with the TiO 2 and forms SrTiO 3 platelets (Figure 8 ). Similar hydrothermal routes have also been reported (Cheng et al., 1998 Barium titante template particles are very stable in PMN-PT matrices, but are very difficult to grow plates with h100i facets. Strontium titanate templates can be grown as h100i plates, but eventually dissolve in PMN-PT-the templates foster texture development, but the dissolution of Sr into the matrix may be detrimental to properties. To address these shortcomings, a hybrid template composition, (Ba,Sr)TiO 3 , has been developed.
To obtain (Ba,Sr)TiO 3 templates, the Sr 3 Ti 2 O 7 plates are added to a molten salt mixture rich in Ba 2þ . The Ba 2þ ions in the melt react with the Sr 3 Ti 2 O 7 plates, substituting for Sr 2þ sites on the plates. Simultaneously, excess SrO is leached from the platelets, resulting in platelets with a slight (10 mol%) Ba content and a perovskite structure. Figure 9 is an example of the type of template particles formed by this process.
The Ba content of (Ba,Sr)TiO 3 templates can be controlled. As shown in Figure 10 , the Ba content is strongly related to the concentration of oxides in the molten salt and additions of BaTiO 3 precursors to the molten salt mixture. A linear relationship exists between the targeted Ba content and that measured in the product at two oxide contents, but it appears that as the oxide content is increased, a smaller amount of Ba is incorporated into the templates. This effect is likely a result of the higher concentration of Ba 2þ and TiO 2 reactants, which dissolve easily into the melt, and then homogeneously nucleate as BaTiO 3 crystallites.
As the Ba content of the templates increases, lower aspect ratios are obtained in the (Ba,Sr)TiO 3 templates, as shown in Figure 11 . This is an important consideration in balancing the chemical stability the Ba content provides with the aspect ratio, which controls the degree of orientation that can be obtained during forming.
Tape Casting Experiments
The hexagonal BaTiO 3 template particles shown in Figure 3 provide an excellent example of a textureinducing template for the PMN-PT system. The h0001i direction of the hexagonal BT corresponds to the h111i direction of the cubic perovskites. The templates are approximately 100 mm in major axis dimension, and approximately 2-5 mm thick. With this high aspect ratio, they form an excellent template particle for the h111i direction in PMN-PT. The ferroelectric properties of PMN-PT in this direction are much lower than in the h100i directions, but the illustration of the process is still informative. The matrix powders were placed in a ball mill with an ethanol/toluene tape-casting solvent and milled to deaggomerate the powders. Hexagonal platelets were then added to the mill, along with a binder. The ratio of matrix precursor to template particles was such that the final material was 90 vol.% PMN-PT, 10 vol.% template particles. The slurry was slowly milled to deair, and then cast. The slurry was tape cast at a blade height of 250 mm. The resulting tape was cut into 2.5 cm squares and laminated in stacks of several layers to form a green body approximately 2 mm thick. The green body was heated to remove the binder, then sintered at 1150 C for 2 h. Figure 12 shows a backscatter SEM image of the cross section of the tape-cast specimen. The templates appear as dark areas compared to the lighter PMN-PT matrix material. The matrix appears dense, although there are a number of large pores surrounding each template particle. It is apparent that a high degree of orientation is imposed upon the templates during the shear forming of tape casting, and that this orientation has been preserved through the sintering process. Also apparent are large pores near the hexagonal BT platelets. It has been well-documented that the h111i direction grows rapidly in PMN-PT (Li et al., 1999) , and that pores are often trapped in the growing crystal. Grain boundaries were difficult to discern in the sample, but fracture micrographs have shown that large cubic grains grow from the template particles, such that the templates lie along the body diagonal of the resulting crystal. Figure 13 shows three XRD patterns for PMN-PT. The bottom pattern is for randomly oriented PMN-PT matrix material, tape cast and sintered in a manner very similar to the templated material. The top pattern is the XRD pattern for material containing the hexagonal BT templates. The [111] peak intensity is much greater in the templated sample compared to the matrix material, indicating that significant template growth has resulted in a strong h111i texture of the material.
RESULTS
Also shown in Figure 13 is the XRD pattern for a h100i textured PMN-PT material templated with SrTiO 3 platelets, tape cast and sintered under the same conditions as the hexagonal BT templated material. The middle pattern in Figure 13 shows increased intensity of the [100] and [200] peaks, indicating that the perovskite templates have been successful in texturing the PMN-PT. Figure 14 is the XRD pattern for a h100i textured NBT-(Ba,Sr)TiO 3 material tape cast and sintered under similar conditions. This pattern also shows increased intensity of the [100] and [200] peaks, indicating that the (Ba,Sr)TiO 3 templates have successfully textured the NBT. Figure 15 shows the effect of successful texture development on piezoelectric response. The response from the textured PMN-PT is much greater than that of the randomly oriented ceramic in the h100i direction. This result demonstrates the promise of the TGG processing route for improving piezoelectric materials. 
CONCLUSIONS
Template particles for TGG in PMN-PT have been synthesized by a number of routes. The templates have been successfully integrated into a tape-casting process, and PMN-PT tapes with h100i and h111i textures have been produced. Measurements of piezoelectric properties have demonstrated significant improvements in strain versus field in the textured direction, confirming the promise of the approach.
Future work will be directed toward synthesizing new template compositions and geometries, particularly acicular particles. In addition, sintering studies will be implemented to increase the degree of h100i texture in the perovskite-templated materials and further characterize and improve the piezoelectric properties. 
